INTRODUCTION
The purpose of this paper is to present the Deep Sea Drilling Project (DSDP) procedures pertaining to shear strength measurements on fine-grained clayey sediment, which are performed using a modified Wykeham Farrance "Laboratory Vane Apparatus." I will here define shear strength, and then briefly discuss (1) the Coulomb-Hvorslev shear strength equation, and note how the friction and cohesion components are related to the nonclay and clay sediments, respectively; (2) the relationship of shear strength to pore pressure, drainage, and grain-size distribution; and (3) the prerequisites for a proper sample for vane shear measurement. The main body of the text will provide (1) a derivation of technical formulas which apply to the vane equipment and its calibration; (2) step-by-step procedures; and (3) calculation of the original shear strength, and sensitivity. The appendices contain calibration data and descriptions of the vane equipment.
"Shear strength of a soil, or sediment mass, is the summation of the forces of friction, cohesion, and bonding which combine to resist failure by rupture along a slip surface or by excessive plastic deformation under applied stresses" (Moore, 1964) . However, shear strength is a complex property which is also related to the rate of shearing, the manner and rate of stress application, mineralogy (clay type), cementation, grainsize distribution, sample disturbance, pore pressure, permeability and drainage of the pore water during shearing (Richards, 1961; Moore, 1964; Wu, 1966; Scott and Schustra, 1968; Lamb and Whitman, 1969; Kravitz, 1970; and others) .
According to Richards (1961) and Kravitz (1970) , the following shear failure theory is the Coulomb (1776) failure equation as modified by Hvorslev (1936; 1937) . Shear strength of a sediment at failure, r/, is as follows:
c + (σ -µ) tan (1) where c = cohesion, σ = normal stress on the plane of failure, µ = excess pressure in pore water, 0 = angle of internal friction, (σ-µ) = effective stress, Equation 1 has two components: cohesion, c, friction, (σ-µ) tan. As summarized by Hamilton (1969) , "Shear strength in sands, without significant amounts of fine silt and clay is defined by the friction component (i.e., these are 'cohesionless' sediments). Most silt-clay sediments have both cohesion and friction (under normal stress). A few clays may have no angle of internal friction, in which case the shear strength is defined by cohesion alone." According to Kravitz (1970) : "In studies involving completely saturated clays of low permeability, such as those found in ocean environments, shear strength is usually obtained under conditions of no change in water content. This procedure is called undrained or quick testing. During undrained (quick) testing the normal stress"..."of zero. The saturated sediment then behaves with respect to the applied stresses at failure as a purely cohesive material with an angle of shearing resistance"..."equal to zero. When these conditions are met the equation for shear strength is expressed as "T/ = c..." (Fellenius, 1927 and Skempton and Golder, 1948) ."
However, according to Moore (1964) , Equation 1 is used mainly as a simplified relationship "...for the convenience of calculating engineering properties of soils, it is generally understood that actual isolation of the cohesional and frictional components of sediments is theoretically unrealistic (Lambe, 1961) ."
The relationships of Equations 1 and 2 to undrained shear strength in saturated clayey sediments are discussed by Schmertmann and Osterberg (1960) , Richards (1961) , Wu (1966) , Hamilton (1969) , Kravitz (1970), and others. Lamb (1960) discusses the shear strength of coarse sediments with respect to the additive relationships of cohesion, friction, interference, and dilatancy.
The following are some examples of the physical changes which may occur in a sediment sample when it shears: (1) the sample may expand or contract depending on the grain size distribution and packing structure; (2) the shearing stress may be in part directed upon the pore water trapped in the sediment, if the sample is very fine-grained and impermeable (undrained sample); (3) or shearing force may be entirely directed upon the grain-to-grain structure if the sample's grain size is large and the sample is highly permeable allowing the water to drain (drained sample); (4) and if a sample is moderately permeable, then the shear strength will be in part related to (a) the rate at which the shearing stress is applied, and (b) the rate which the pore water drains out of the sample.
DSDP VANE SHEAR SAMPLE
For DSDP samples for "shear strength determination" with the vane shear technique, a fine-grained sample is selected so that permeability is low enough that the sample is assumed to be "undrained" (no water flowing through the pores) during the shear test. To enhance this relationship the vane shear speed must be very rapid (Lamb and Whitman, 1969; Scott and Schoustra, 1968) and thus the DSDP vane shear device is set at 89° of torque per minute (compared with the typical 6° per minute suggested in ASTM, 1975) . These shear strength measurements are conducted under laboratory pressures and temperatures.
Relatively undisturbed clayey sediment samples are selected. A criterion for disturbance is visibly undistorted bedding, although a truly undisturbed sample does not exist.
VANE SHEAR TECHNIQUE
The vane shear technique was originally developed by the British Army (Skempton, 1949) to measure the cohesion of clay sediments, which is the shear strength in certain special cases. Basically the vane shear device (Appendix A) consists of a 4-bladed vane (each blade 90° from the others) to which a known torque is applied (DSDP torque is applied at a rate of about 89°p er minute). When the vane is inserted into a clay sediment (assumed to be undrained), torque is applied to the vane axis until it shears about a surface area which approximates that of a cylinder with the diameter and height of the vane. Since the torque applied to the vane is measured (just before shear failure) by a calibrated spring stress, the shear strength can be calculated. The vane theory, spring calibration, and general calculations and procedures are described below.
Vane Shear Formulas
Formulas using the vane's geometric measurements have been discussed in detail by several investigators (Skempton, 1949; Gibbs et al., 1960; ASTM, 1975) . In order to relate DSDP data to the literature we will show the development of formulas as published by Gibbs et al. (1960) and Skempton (1949) and then indicate the formulas DSDP uses.
As shown by Gibbs et al. (1960) , Equations 3 through 9 below show the derivation of the torque computations as related to a vane:
where Ti = torque resistance on the vertical cylindrical surface. 272 = torque resistance on the horizontal top and bottom, assuming constant unit shear resistance.
2 , where h = vane (4) height, r, vane radius T = Sπcr*, when the height, h, is twice the
r r r 3 Ti = 2πc J x 2 dx = 2πc -Thus for geometry of Biggs' vanes, where the height is twice the diameter, Equations 8 and 9 below are appropriate, which Gibbs et al. (1960) (9) However, the geometry of DSDP's vanes, where the height is not necessarily twice the diameter, slightly different equation forms are derived below by substituting Equations 4 and 7 into Equation 3:
01)
Equation 12 will be shown to be equivalent to Skempton^ (1949) equation below. According to Skempton (1949) .
where, d = diameter of the vane. Therefore,
substituting 2r for d:
Equations 12 and 16 are identical, therefore the Skempton (1949) equation (13) is equivalent to the equations derived from Gibbs et al. (1960) . The formula that the DSDP uses is derived from Equation 13, by substituting the spring torque for T as follows: where t = spring torque factor in (g-cm)/degree T = t X (maximum degree spring stress) c = T/ = cohesion and shear strength of clays at failure. When inserting the vanes into the sediment, there is a certain length of the vane's rod in the sediment above the buried vane blades. This rod may have a certain friction or cohesion component, which the investigator may calculate using the rod diameter (in Appendix B) and the depth that the rod is buried in the sediment. Any DSDP investigator should state whether or not he applied a correction for the buried part of the rod. However, current practice among specialists is to ignore this correction.
Vane Height and Diameter
For detailed vane measurements see Appendix II. The present (March, 1975) Each spring is calibrated by applying a known torque to the spring and measuring its rotation or strain to the nearest one-half degree of rotation. See Appendix C for techniques, calibration data, and constants. A summary of the Spring Factor calibrations is as follows:
Spring 1 = 9.1185 (g-cm)/degree = t Spring 2 = 20.219 (g-cm)/degree = t Spring 3 = 32.718 (g-cm)/degree = t Spring 4 = 51.106 (g-cm)/degree = / At the time of calibration, these factors were reproducible within 0.5% to 0.3%.
Example Calculations of Shear Strength
Examples of the shear strength calculations are as follows, when using 
PROCEDURES
Two tests are run: (1) a shear strength test on the original, "relatively undisturbed" sample, and (2) a shear strength test on the same sample after it has been remolded. These tests are supplemented by collecting porosity, wet-bulk density, water content, and grainsize samples.
The shear strength measurement of the original "relatively undisturbed" sample is done as outlined below:
1) First a relatively undisturbed clay sample is selected. The sample is assumed to be relatively undisturbed if sedimentary structures are present and are not distorted.
2) It is desirable to orient the vane so that its axis is perpendicular to the bedding in the sediment, therefore if it is possible, the vane axis is oriented parallel to the core's axis and is inserted into the end of the unsplit section. If this is not practical, either because of core disturbance or coarse-grained sediment at the section ends, then the core is split along its axis and the vane axis is then oriented parallel 2 to the sedimentary bedding, which is perpendicular to the core's axis. Vanes 3 or 4, 3 which have the longer blades (about 2.54 cm), are used when the vane is inserted parallel to the core's axis, and Vanes 1 or 2, with the shorter blades (approximately 1.27 cm), are used when the core has been split along its axis and the vane is inserted perpendicular to the core's axis. The smaller vane allows for the sample's smaller size. The proper vane is selected and its identification number is recorded, and the vanes orientation relative to the core is recorded.
3) All of these samples are properly secured so that they do not rotate when the vane is rotated. 4) An appropriate spring is selected so that shearing will occur between 20° and 90° stress. The spring's identification number is recorded.
5) The stress pointer (inner dial) and strain pointer, (outer dial) are aligned at 0°. It is made certain that all the play in the system is removed. If the vane system is operated in a horizontal position, then the pointer is taped to the pointer deflector. If the vane system is operated in a vertical position, and the investigator wishes to measure stress and strain readings after failure by shearing occurs, then the pointer is taped to the pointer deflector, otherwise the stress pointer will remain on the maximum shear stress after shear failure occurs.
6) The vane is inserted into the sample until the blades are buried below the sediment surface. The 'See Rocker (1974) for discussion of problems relate to anisotropic sediment which result from the different vane orientations. blades are buried 2.0 cm 4 if the vane's axis is oriented parallel to the core's axis. If the vane's axis is oriented perpendicular to the axis of the core, and the core has been split along its axis, then the blades are buried 1.0 cm. If the sample is too small to bury the blades 1.0 cm, then the depth of burial is measured and recorded (being certain the blades are centered within the sample).
7) The motor is turned on and both the stress and strain pointers are recorded for every 5° of stress rotation (or often as possible) and for every 1 ° of strain rotation (or as often as possible). The rotation of the stress and strain pointers are read to the nearest half degree. In addition, a special attempt is made to record the maximum stress before failure occurs, in order to measure the maximum shear strength. If the vane shear device is run in a horizontal position, or in a vertical position with the pointer attached to the pointer deflector, then the stress and strain readings are continued after shearing failure occurs until the stress pointer decreases 5° to 10°. If the vane shear device is operated in a vertical position, and the pointer is not taped to the pointer deflector, then the inner dial will maintain the maximum stress reading at the time of shear failure. 8) After shearing has-occurred, at least five consecutive strain (vane rotation) readings (and stress readings if the pointer is taped to the pointer deflector) are recorded which are increasing in similar increments. The above readings and a vane rotation (strain) of at least 20° are necessary in order to insure a valid test (Richards, 1961) .
9) The temperature is recorded. Shear strength measurement of the remolded sample is done as outlined below:
1) The spring is removed and the vane is spun until it rotates easily in the sediment (the vane is spun at least 2 times ). Care is taken to prevent air from entering the sample.
2) The spring is remounted (or a different weaker spring with its identification number being recorded) in the same manner as described above for the "original shear strength" test (undisturbed test), and the vane is allowed to remain stationary in the sediment for 10 min. The temperature and the time the vane is allowed to remain stationary in the sediment are recorded.
3) The vane shear remolded test is now done in the same manner as described above for the "original shear strength" test, however, the remolded test does not necessarily have a distinct maximum shearing stress as in the "original shear strength" test. 4 As of 15 December 1975 (beginning of Leg 45) the depth that the blades are buried (from both ends of the vane) beneath the sediment surface was changed to be equal to the length of the vane, however, this will apply only when the vane axis is oriented parallel to the core axis, as this is the only case where there is enough room to do so. See Rocker (1974) for sketch of split core with a similar small vane and a brief discussion of problems with DSDP samples. The inside diameter of the core is 6.61 cm. DSDP is considering using a smaller vane which will allow the blade to be properly buried.
5
The vane was to be spun 10 times, but this was reduced to 2 times to be certain that air would not be drawn into the sample (Homa Lee, 1974, personal communication) .
DATA CALCULATIONS Stress is plotted versus degrees vane rotation (g/cm 2 versus degrees vane rotation) for both the original strength and the remolded strength. The shear strength and remolded shear strength are calculated from the maximum degrees stress using Equation 18, 19, or 20, depending which vane was used, and with the appropriate spring factor corresponding to which spring was used. Sensitivity is also calculated, which is the ratio of the sample's original shear strength to its remolded shear strength.
S t = tyr,
where TO = original shear strength at failure rr = shear strength of sample after remolding St = sensitivity. Units of g/cm 2 may be converted to pounds per square inch by a conversion factor:
The Sedimentary Petrology and Physical Property Panel recommends the units of kilopascals (1 kilopascal = 10 g/cm 2 ).
APPENDIX A Vane Shear Equipment
The vane shear device used by the DSDP, upon the recommendation of Adrian F. Richards, is the Wykeham Farrance Engineering Limited Laboratory Vane Equipment Number WF2350. This equipment is described in the Wykeham Farrance Engineering Limited "WF2350 Laboratory Vane Equipment Handbook" (Wykeham Farrance Engineering Limited, Weston Road, Trading Estate, Slough, Bucks, England) printed by Mergewise Limited of Ascot. Richards (1961) and Kravits (1970) also have a brief description (and photographs) of the basic unmodified equipment.
The original Wykeham Farrance Laboratory Vane Equipment is modified as follows: (1) the pulley 6 system is modified to allow stress to be applied to the spring (by the motor) at a rate of 89° per minute 6 so that the shear test is fast enough to prevent the sample from draining; (2) the motor is remounted over a neoprene "2 mm thick gasket" to minimize vibration from the motor; and (3) DSDP's own core racks and sample-holding devices are used. The vanes used are described in Appendix B.
Briefly, the laboratory Vane Equipment has a motor which rotates (89° per minute) one end of a calibrated, coiled spring about its axis, with the other end of the spring being required to turn a vane about its axis. The other end of the vane is in the sediment sample. Mechanical devices are used which indicate the amount of rotation of the vane at the other end of the coiled spring, and in addition, the amount of rotational stress applied to the spring.
At some (maximum) torque or stress the vane will begin to rapidly rotate and the sediment will begin to fail by shearing. The shearing force is related to the maximum torque applied and the cylindrical shearing surface of the vane, which is assumed to have the height and diameter of the vane. These parameters allow the shear strength to be calculated.
These modifications were suggested by Ardrian Richards (1973, personal communication) .
APPENDIX B Vane Diameters and Heights
Measurements of the vane's diameters, heights, and shaft diameters are listed in Table 1 , along with their mean values. Sea Figure 1 for a sketch of the vane and identification of these parameters. Vane 1 was not absolutely straight when it was delivered from the company, but it was straightened as best as possible. The blades of Vane 2 do not join precisely in the center axis, as one blade is offset by 0.02 cm. This occurs where the blades terminate without the shaft. Vane 2 is slightly different from Vane 1, as the narrow part of the shaft of Vane 2, the 0.32-cm-diameter shaft adjacent to the blades, goes to a 0.48-cmdiameter shaft more abruptly. Vanes 3 and 4 have a shaft diameter adjacent the blades of 0.31 cm, which changes to a shaft diameter of 0.475 cm. These changes in the shaft diameters occur at a distance which is at least 2.5 cm away from the blades and therefore only the narrow parts of the shafts are buried in the sediment during the shear strength tests. All baldes have a thickness of about 0.045 cm.
APPENDIX C Spring Calibrations
Each spring was calibrated in the vane shear device by applying a known torque to the spring and measuring its rotation or strain to the nearest one half degree of rotation. This was done by using a calibration wheel with a known radius.
The wheel has a groove around its circumference for a string which allows the string axis (single layer of string) to be flush with the circumference of the wheel. A weighing pan of known weight and a connecting string of known weight per cm was used to add precise and accurate weights (within ±0.003 g) to the calibration wheel. The radius of the wheel was multiplied by the weight suspended by the wheel to obtain g-cm moment per degree rotation of the wheel. The springs factors are in units of (g-cm)/degree. The. springs were calibrated with about 10 to 20 weighings calculated to g-cm per degree. The average of these calculations above 30° rotation were used to determine the spring constants. These calibration data and charts can be found in Tables 2 through 5 A summary of the Spring Factor calibrations are as follows: Spring 1 = 9.1185 (g-cm)/degree = t Spring 2 = 20.219 (g-cm)/degree = t Spring 3 = 32.718 (g-cm)/degree = / Spring 4 = 51.106 (g-cm)/degree = t These factors were reproducible within 0.5% to 0.3%. The actual degree readings for a given weight were reproducible within 1° to 0.5°. During shear strength measurements the stress and strain rotations are recorded to the nearest half degree. Note: Wheel radius = 2.265 inches = 5.753 cm; weight wire per cm = 0.0134 g/cm;4 cm of wire allowed for knot connecting pan bridle to wire; weight ofpan and bridle = 17.8145 g; all numbers listed are not rounded off, they do not indicate precision. 
